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The connexin (Cx) expression during placental development in rodents is subject to exacting spatiotemporal regulation. Following
implantation, Cx31 characterizes the early trophoblast cell lineage and is expressed by the spongiotrophoblast during placental development
until birth. Inactivation of the Cx31 gene results in a transient placental dysmorphogenesis with an imbalance in the trophoblast cell lineage
differentiation in favor to giant cells [Dev. Biol. 231 (2001) 334]. In this study, we show that trophoblast stem (TS) cells exhibit the same
connexin expression found in trophoblast cell lineage differentiation. Undifferentiated TS cells exclusively express Cx31 protein and Cx31.1
transcripts. Upon differentiation of TS cells, placental-specific Cx26 and Cx43 are induced. Cx31 knockout TS cells revealed an accelerated
differentiation process to giant cells compared to controls, indicated by an overall shift in expression of connexins and marker genes such as
Mash2, Pl-1, and Tpbpa. Moreover, proliferation was significantly reduced in Cx31 knockout TS cells upon differentiation. Both wild type
and Cx31 knockout TS cells are able to invade and erode host vessels when injected into nude mice. We conclude that during trophoblast cell
lineage differentiation, the Cx31 gap junction channel is involved in maintaining the proliferative diploid trophoblast cell population.
D 2004 Elsevier Inc. All rights reserved.Keywords: Connexin31; Gap junction; Trophoblast stem cells; TS tumor; Mouse placentaIntroduction
Connexin (Cx) proteins are subunits of gap junction
channels that allow a direct exchange of small molecules
between the cytoplasms of neighboring cells. To date, 19
connexin genes are known in the mouse genome (Willecke
et al., 2002) that are expressed in a distinct and partially
overlapping pattern in different organs. The connexin pro-
teins comprise a cytoplasmic N- and C-terminus, four
transmembrane domains, and one intracellular and two
extracellular loops that dock to the connexin of the apposing
membrane. The C-terminus is highly variable in length and
amino acid sequence, and is mainly responsible for the
differing molecular weights of the connexins (Evans and
Martin, 2002). Recently, several publications have demon-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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several other proteins. The C-terminus of Cx43 is able to
bind ZO-1 (Giepmans and Moolenaar, 1998; Toyofuku et
al., 1998) and a- and h-tubulin (Giepmans et al., 2001).
Moreover, the carboxy terminus of Cx43 alone is as
effective as the wild-type channel in suppressing cell growth
(Moorby and Patel, 2001). These observations indicate a
dual function of the channels, an intercellular signalling via
the pore, and a possible intracellular signalling pathway via
the protein itself.
Cx31 is specifically associated with early development in
rodents. Among other connexins (Kidder and Winterhager,
2001), Cx31 is strongly expressed in preimplantation em-
bryos of rodents from compaction to the blastocyst stage
(Dahl et al., 1996; Reuss et al., 1996). After implantation,
the Cx31 channel characterizes the trophoblast cell lineage
(Dahl et al., 1996; Reuss et al., 1996, 1997). Because it is
known that Cx31 hemichannels can only form functional
channels with itself (Elfgang et al., 1995), the restriction to
the trophoblast is probably responsible for the different
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expressing Cx43 channels and the trophoblast cell lineage
(Lo and Gilula, 1979). During mouse placental develop-
ment, Cx31 expression persists in the spongiotrophoblast
layer followed by co-expression with Cx43 at early
midgestation. The giant cells that face maternal decidual
cells result from differentiation of spongiotrophoblast cells
and are characterized by Cx43. The two syncytial tropho-
blast layers of the labyrinthine part are connected by
abundant Cx26 channels. Targeted replacement of different
connexin genes has shown that the connexins have unique
functions in placental development (Gabriel et al., 1998;
Kruger et al., 2000; Plum et al., 2001). Cx26 gene deficien-
cy led to death in utero around embryonic day (ED) 9.5
probably due to a strongly reduced uptake of glucose by the
fetus (Gabriel et al., 1998). Cx31-deficient mice revealed a
transient placental dysmorphogenesis that led to a loss of
60% of the embryos between ED 10.5 and ED 13.5 (Plum et
al., 2001). The Cx31-deficient placentae were reduced in
size and showed an imbalance in spongiotrophoblast cells in
favor of giant cells. Furthermore, the volume of the laby-
rinth was dramatically reduced. The recovery of 40% of the
placentae from ED 10.5 onwards corresponds to the upre-
gulation of the Cx43 protein in the spongiotrophoblast.
Cx31 and Cx26 channels seem to serve different functions;
Cx26 is involved in metabolic fetomaternal exchange but
does not lead to impairment of placental development,
whereas Cx31 seems to interfere with signalling pathways
of trophoblast cell lineage differentiation. We suggest that
besides the transcription factor Mash2, Cx31 is a channel
protein that is necessary to maintain the proliferative cells in
the differentiating trophoblast cell lineage.
An important step to investigate trophoblast cell lineage
development has been made by generating trophoblast stem
(TS) cell lines from 3.5 days post coitum (dpc) blastocyst or
6.5 dpc extraembryonic ectoderm (Tanaka et al., 1998).
These TS cell lines provide a unique opportunity to dissect
the signalling pathways involved in trophoblast cell lineage
development due to their inherent ability to differentiate into
different trophoblast cell populations, and to contribute to
placental development in chimeras. Here we describe that
TS cells exhibit a similar gap junction expression pattern as
found in trophoblast cell lineage differentiation. Further-
more, TS cell lines generated from mouse blastocysts
lacking the Cx31 gene reveal an enhanced differentiation
into giant cells and showed a temporal shift in differentia-
tion marker gene expression when compared to wild-type
and Cx31+/ TS cells.Materials and methods
Animals
The mice were maintained in a well-controlled pathogen-
free environment with regulated light–dark cycles (12–12h) in the animal facility of the University Hospital Duisburg-
Essen, Germany. Mice had access to food and water ad
libitum. All experiments were carried out in accordance to
German laws for animal protection and with permission of
the state.
Wild-type (WT) blastocysts were collected from the
C57BL/6J inbred strain and Cx31-deficient blastocysts from
the Cx31 knockout strain (Plum et al., 2001). PCR-genotyp-
ing of the Cx31-deficient animals and TS cell lines, respec-
tively, was performed as previously described (Plum et al.,
2001). For injection of TS cells, male nude mice (Han:
NMRI nu/nu) were used.
Culture and generation of TS cells
Wild-type as well as Cx31/ TS cell lines from 3.5 days
postcoitum (dpc) blastocysts were generated according to the
protocol of Tanaka et al. (1998). For culturing of TS cells,
RPMI 1640 supplemented with 20% fetal bovine serum
(Biochrom, Germany), 1 mM sodium pyruvate (Gibco-
BRL), 100 AM h-mercaptoethanol (Sigma), 2 mM L-gluta-
mine (Gibco-BRL), 100 U/ml penicillin, and 100 Ag/ml
streptomycin (Gibco-BRL) was used. EMFI-conditioned
medium (EMFI-CM) was used as described (Tanaka et al.,
1998). Established TS cell lines were maintained in the
undifferentiated state using 75% EMFI-CM, 25% TS cell
medium, 25 ng/ml FGF4 (R&D systems), and 1 Ag/ml
heparin (Sigma). Differentiation of TS cells was induced by
removal of EMFI-CM, FGF4, and heparin from the medium.
RT-PCR
Total RNA from a 90% confluent TS cell culture was
isolated using the RNeasy mini kit (Qiagen). RNA (2 Ag)
was incubated with Dnase I (Invitrogen) according to the
manufacturer’s instructions to remove DNA contamination.
The RNA was reverse transcribed using an oligo(dT)18
primer (MWG Biotech, Germany) and M-MLV reverse
transcriptase (Invitrogen). The PCR was performed using
primers specific for connexin isoforms or Gcm1 as shown in
Table 1. If data base information were available, intron-
spanning primers were used to demonstrate the absence of
genomic DNA from the samples. Intron-spanning b-actin
primers were used as internal control. A 50-Al reaction in
Taq reaction buffer contained 1.5 mM MgCl2, 0.4 mM
dNTPs, 25 pmol of each b-actin primer, 25 pmol of each
forward and reverse primer, and 2.5 units Taq (Genecraft,
Germany). The PCR was carried out for 26 cycles of 94jC
for 45 s, annealing for 45 s and 72jC for 1 min. The PCR
amplification products were separated by electrophoresis in
a 2% agarose gel stained with ethidium bromide. For
detection of connexins 30, 30.3, 36, 40, 47, 57, a nested
PCR was performed. In this second PCR, 5 Al of the first-
round reaction was added to the PCR mixture as described
above but lacking b-actin primers. The program parameters
were the same as used in the first reaction.
Table 1
PCR primers
Primers Accession no. Primer sequences (5V!3V) IS AT Amplicon size (bp)
Cx26 BC013634 (F) GACCCGCTTCAGACCTGCTCCTTAC + 64 658
(R) GCCTGGAAATGAAGCAGTCCACTGT
Cx30 (outer pair) Z70023 (F) GTTTAAGAATAAGCCTGCACGATGGACTGG  60 1058
(R) ACATAGGACTTGTCCAGGTGACTCCAAGGC
Cx30 (inner pair) Z70023 (F) TGAACAAGCACTCTACCAGCATAGGGAAGG  60 969
(R) CAGTTGTCACGAGGGCTTGGTTTTCAGAGA
Cx30.3 (outer pair) M91443 (F) CTCCAGGGAATCCTGAGTGGTGTG  64 868
(R) CTGCAGAAGACCACACTCCCTTCG
Cx30.3 (inner pair) M91443 (F) AACAAGTACTCCACGGCACTGGGC  64 804
(R) GCTTCAGTGGACAGACAGTCACCT
Cx31 X63099 (F) AGGAATCAAGGCCAGGTCTGAGCAGAGAGA  64 1060
(R) GGAAGCTGGGTCTGTTATGCTACCTAAACC
Cx31.1 M91236 (F) TGACATGAATTCTGATGCTTGCTG + 64 978
(R) GATTCTGGAACCTTCCAGGTCATG
Cx36 (inner pair) AF226992 (F) AGAACGTGCCCGGTACTGCCCAG + 64 980
(R) CGAAATTGGGAACACTGACTCGAGG
Cx36 (outer pair) AF226992 (F) TTGTCTGCTGCCTCCGGATGCACA + 60 916
(R) CGTATCTCATAGACTGACTTCCTC
Cx40 (inner pair) X61675 (F) CAGTTGAACAGCAGCCAGAGCCTG + 64 837
NM008121 (R) CTGGTGCTTGTCCACACCCTGCC
Cx40 (outer pair) X61675 (F) AAGAAGCCAACTCCAGGGAGGAGG + 64 791
NM008121 (R) TGACTTGCCAAAGCGCTGTCGGAT
Cx43 NM010288 (F) CGAGGTATCAGCACTTTTCTTTCATTGGGG + 64 1102
(R) GCTTGTTGTAATTGCGGCAGGAGGAATTGT
Cx45 X63100 (F) CATACAGTCTATACACCTGGCGCCAGGGAA + 64 1119
(R) GTGAGTCTCGAATTGTCCCAAACCCTAAGT
Cx47 (inner pair) NM080454 (F) CTGTCTCATGTGCGCTTCTGGGTC  64 683
(R) CGACGGCCGCGCACAGCATCCTGC
Cx47 (outer pair) NM080454 (F) GATAGTGGTCATCTCCACACCTTC  64 627
(R) CTGCCGAGACCCAGGTGCGCCATC
Cx57 (inner pair) AJ010741 (F) GGTACTTGGTGTTGCTGCTGAGGAC  64 1319
(R) CAGTGGCGGACGGCAGAGGTGATGG
Cx57 (outer pair) AJ010741 (F) TGATGAACAGTCCGCCTTTGCCTG  64 1213
(R) TGAGCTTCCTGAGTCACTATGCCG
Gcm1 NM008103 (F) GACATCTACTATCCAGCCTATC  60 473
(R) CTTTGAAACCCGTCTTCTAAG
h-actin X03672 (F) CGTGGGCCGCCCTAGGCACCA + 64 243
(R) TTGGCCTTAGGGTTCAGGGGGG
F, forward primer, R, reverse primer, bp, base pair.
IS, intron spanning primers are indicated (+).
AT, annealing temperature (jC).
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Undifferentiated TS cells were plated at a density of
40,000 cells in a 6-well plate and differentiation was
induced 24 h later (day 0). Total RNA was isolated on days
0, 1, 3, 5, 7, 9, 11, and 13 after induction of differentiation.
Northern blotting was performed using a standard protocol
(Gabriel et al., 2001). DNA probes for specific connexins
and trophoblast markers were labeled with a-32P-dCTP by
using the random-primed labeling system (Amersham).
Blots were hybridized overnight at 42jC in hybridization
buffer and stringently washed as described (Gabriel et al.,
2001). The following probes were used: Pl-1 and Tpbpa
(Tanaka et al., 1998), Mash2 (Nakayama et al., 1997), b-
actin (Gabriel et al., 2001). The cDNA for each Cx26, Cx31,
Cx31.1, and Cx43 was amplified by RT-PCR from TS cells
using the primers shown in Table 1 and the PCR conditionsdescribed above. The PCR product was purified from an
agarose gel using the gel extraction kit (Qiagen) and cloned
into the pCRII vector following the instructions of the TA
cloning system (Invitrogen). The insert’s sequence and
orientation were analyzed by sequencing (MWG Biotech).
The densitometric analysis of the Northern blot signals was
performed using a Gel Imager System (INTAS, Germany)
and the GELSCAN Pro. Version 4 software (BioSciTec,
Germany). The expression of each signal was referred to the
according b-actin signal.
Immunocytochemistry
Cx26, Cx31, and Cx43 were detected using indirect
immunofluorescence. Cells were washed with PBS and
fixed in acetone/methanol (1:1) for 5 min. Immunoincuba-
tion was performed as reported (Winterhager et al., 1991)
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according mouse connexin (Butterweck et al., 1994; from
O. Traub, University of Bonn). A FITC-conjugated second-
ary antibody (DAKO) was used for visualization.
Cell proliferation assay
TS cells (5000) were plated in a 12-well plate either in
undifferentiating or differentiating medium (day 0). Cells
were collected by trypsination on days 1, 3, 5, 7, 9, 11, 13,
and 15 of culturing. Total cell number was determined
using a CASY cell counter (Scha¨rfe System, Germany).
Three independent measurements were performed for each
day.
TS cell injection into nude mice
TS cells (107) in 250 Al of 100% EMFI-CM TS cell
medium containing FGF4 and heparin were subcutaneously
injected into nude mice and tumor growth was observed. At
the end of the experiment, mice were killed by cervical
dislocation. A minimum of four mice was analyzed for each
experiment. Tumors were dissected, fixed in 4% formalin,
and routinely embedded in paraffin for immunohistochem-
istry or Technovit (Kulzer, Germany) for histology.
Immunohistochemistry
Immunostaining for mouse cytokeratin 8 (CK8) was
performed on paraffin sections using the antibody
TROMA-1 from R. Kemler (Max-Planck Institute of Im-
munology, Freiburg, Germany; Kemler et al., 1981). Speci-
mens were incubated with a 1:10 dilution of the antibody for
1 h at room temperature. A peroxidase-conjugated rabbit
anti-rat secondary antibody (DAKO) and following DAB
staining were used for the chromogenic reaction as de-Fig. 1. RT-PCR analysis of connexin isoforms expressed in undifferentiated wild-ty
PCR. (B) Connexin isoforms lacking a PCR product in a first round PCR but show
function of PCR. M, DNA ladder. The respective connexins are indicated by itsscribed previously (Grummer et al., 2001). For morpholog-
ical analysis, sections were stained with hematoxylin–eosin.
Statistics
Data are presented as means F SD. An unpaired Stu-
dent’s t test was used for comparison of TS cell proliferation
at different time points. Probability values of P < 0.05 were
considered significant.Results
Expression of connexin isoforms in TS cells
To investigate whether TS cells can serve as an in vitro
model to analyze the role of connexins in trophoblast
differentiation, the connexin expression pattern in undif-
ferentiated WT TS cells was determined using RT-PCR.
All connexin isoforms previously shown to be expressed
on transcript level in the mouse blastocyst (in detail: Cx30,
Cx30.3, Cx31, Cx31.1, Cx36, Cx40, Cx43, Cx45, Cx57;
Davies et al., 1996; Houghton et al., 2002) were tested.
Cx26, which is expressed in the syncytiotrophoblast of the
mouse placenta (Pauken and Lo, 1995), and Cx47, a newly
cloned member of the mouse connexin family (Teubner et
al., 2001), were also investigated. RT-PCR (Fig. 1) indi-
cated that except from Cx36, the transcripts of all con-
nexins tested are present in undifferentiated wild-type TS
cells. Cx36, which has been reported as preferentially
expressed in retina and brain (Al-Ubaidi et al., 2000)
and which was also described on mRNA level in blasto-
cysts (Houghton et al., 2002), was missing in undifferen-
tiated TS cells. Therefore, 10 connexins have the potential
to be involved in forming intercellular channels between
TS cells.pe TS cells. (A) Connexin transcripts that could be detected in a first round
ing specific amplicons in a nested PCR (C). b-actin amplicons demonstrate
molecular weight.
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M. Kibschull et al. / DevelopFig. 3. Connexin expression in TS cells. Immunofluorescence (A, C, and E)
and corresponding phase-contrast images (B, D, and F). Cx31 is expressed
in undifferentiated TS cells (A and B). Spontaneously differentiated giant
cells express Cx43 (C and D). Cx26 channels are formed in subpopulations
of differentiating TS cells from day 5 onwards (E and F). Scale bar
represents 50 Am.Cx26, Cx31, and Cx43 are known to form functional
intercellular channels in trophoblast during rodent placental
development (Reuss et al., 1996). Recently, we found that
Cx31.1 was transcribed in the 10.5 dpc placenta of wild-type
mice (not published). Therefore, we analyzed the level of
transcript expression of these four connexins during differ-
entiation of TS cells. Differentiation of TS cells can be
induced by removal of FGF4, heparin, and EMFI-condi-
tioned medium from the culture, and results in the differ-
entiation of spongiotrophoblast and giant cells (Tanaka et
al., 1998). TS cell differentiation (Fig. 2A) was monitored
using three trophoblast markers: Mash2, expressed in the
ectoplacental cone (Guillemot et al., 1994), Tpbpa (tropho-
blast-specific binding protein (a) a spongiotrophoblast
marker (Lescisin et al., 1988), and Pl-1 (placental lactogen
1), which is exclusively expressed in trophoblast giant cells
(Faria et al., 1991).
Densitometric analysis of the northern signals (Fig. 2B)
showed that Cx31 and Cx31.1 were constitutively expressed
during TS cell differentiation. The increase in both transcript
levels correlated to an increase in cell density leading to a
widespread formation of cell–cell contacts and potential
gap junction communication. In the mouse placenta, Gcm1Fig. 2. Expression of connexins and trophoblast marker genes in differentiation of wild-type TS cells. (A) Northern blot analysis of total RNA extracted from a
TS cell culture at different days during differentiation. Total RNA from liver, heart, skin, and the keratinocyte cell lines Hel-30 and Hel-37 was used as a
positive control. RNA (5 Ag) was loaded in each lane. The blots were hybridized with specific probes as indicated. (B) Densitometric analysis of the signals
from A referring to the particular b-actin signal. (C) RT-PCR analysis of Gcm1 expression during differentiation of wild-type TS cells.
Fig. 4. PCR genotyping of generated Cx31-deficient TS cell lines. The TS
cell lines are indicated by a number on the top. M, 100 bp DNA ladder; HZ,
Cx31+/ TS cell line; KO, Cx31/ TS cell line; WT, wild type; mut,
mutated.
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specific for the labyrinthine syncytiotrophoblast. Expression
of Cx26 was induced on day 3 of differentiation, just when
the EPC marker Mash2 reached its maximum, and showed
continuous expression in TS cells. Furthermore, using RT-
PCR, we could show that the syncytiotrophoblast-specific
marker Gcm1 is also induced on day 3 of TS cell differen-
tiation (Fig. 3C). Tpbpa and Pl-1 were both induced after
day 5 of differentiation, at a time when Mash2 transcripts
disappeared, indicating the complete loss of stem cell
potential. Post day 5 Pl-1 expression increased, consistent
with the observation of an enormous number of giant cells
in culture (see Fig. 6). In the mouse placenta, Cx43
expression is induced after day 10.5 pc in the spongiotro-
phoblast and is the specific isoform for giant cells (Plum et
al., 2001). Cx43 transcripts could only be detected on days
0–3 in the differentiation of WT TS cells (Fig. 2).Fig. 5. Expression of connexins and marker genes during differentiation of Cx31-de
the Cx31+/ TS cell line #6 at different days of differentiation. Total RNA from liv
a positive control for connexins. The blots were hybridized with specific probes a
line #11. (C) Densitometric analysis of all Cx31+/(HZ) and Cx31/(KO) TS cell l
actin signal. The results for each marker expression are separately diagrammed fo
standard deviation.To analyze whether different connexin isoforms were
able to assemble in gap junction channels, immunocyto-
chemistry was performed using specific antibodies against
Cx26, Cx30, Cx31, Cx40, Cx43, and Cx45. In undifferen-
tiated TS cells, only Cx31 was found to be expressed in
nearly all cells (Fig. 3). Cx43 immunostaining has been
observed in some cells showing a giant cell morphology at
the beginning of differentiation or even in the undifferenti-
ated state. Cx26-specific channels could be detected from
day 5 onwards in subpopulations of the culture. No immu-
nostaining could be detected in undifferentiated or differen-
tiated TS cells using Cx30-, Cx40-, and Cx45-specific
antibodies (data not shown). Taken together, the expression
pattern of connexins in differentiating TS cells was compa-
rable to that observed in the mouse placenta and as such we
suggest that TS cells are a suitable model to analyze the role
of connexins in trophoblast differentiation and placental
development.
Cx31-deficient TS cells
Disruption of the Cx31 gene in mice resulted in a
transient placental dysmorphogenesis leading to the death
of 60% of the embryos between days 10.5 and 13.5 pc
(Plum et al., 2001). To analyze the functional role of
Cx31 channels in mouse trophoblast differentiation, we
generated heterozygous and homozygous Cx31-deficient
TS cell lines from 3.5 dpc blastocysts. Heterozygousficient TS cell lines. (A) Northern blot analysis of total RNA extracted from
er, heart, skin, and the keratinocyte cell lines Hel-30 and Hel-37 was used as
s indicated. (B) Analogous to A using total RNA from the Cx31/ TS cell
ines analyzed by Northern blotting. Signals were referred to the particular b-
r Cx31+/and Cx31/ TS cell lines together with the calculated mean and
Fig. 5 (continued ).
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different from wild-type animals (Plum et al., 2001). We
crossed Cx31+/ females from one litter to the same
Cx31/ male for blastocyst preparation to keep the
influence of individual genetic background as low as
possible. Each four heterozygous and four homozygous
Cx31-deficient TS cell lines was independently generated
(Fig. 4) and used for further investigations.
The expression of Cx26, Cx31, Cx31.1, and Cx43
mRNA as well as the expression of Mash2, Tpbpa, and
Pl-1 was analyzed in all Cx31+/and Cx31/ TS cell lines
during differentiation (Fig. 5). Cx31+/ TS cells showed the
same connexin and trophoblast marker expression pattern
as the WT TS cells (compare Fig. 5A to Fig. 2A). Pl-1
transcripts were present from day 0 onwards probably due
to spontaneous differentiation of TS cells to giant cells.
However, a dramatic increase occurred at day 7 of differ-
entiation as observed in the WT clone (Fig. 5A). In contrast,
the Cx31/ clones showed a different time course of
expression patterns. Mash2 was weakly expressed in the
undifferentiated state and the peak in expression was
already there on day 1 during differentiation; 2 days earlier
as compared to the Cx31+/ TS cells (Fig. 5C). Also, a
faster downregulation of Mash2 transcripts could be
detected in Cx31/ TS cells after day 3 in differentiation.
Tpbpa was similarly induced early on day 5 (day 7 in
heterozygous lines). The strong increase in Pl-1 expression
also occurred 2 days earlier (day 5) as compared to the
heterozygous cell lines (Fig. 5C). Corresponding to these
changes in TS cell markers, Cx26 transcripts showed a
slightly earlier induction and a stronger upregulation in
knockout TS cells as compared to heterozygous TS cell
lines (Fig. 5C). The densitometric analysis revealed an
overall shift in the expression profile of all transcripts inFig. 6. Morphology of differentiating Cx31-deficient TS cell cultures. Photograph
Cx31/ TS cell culture showed a markedly reduced density at day 5 of differenti
culture (B). At day 13, both cultures exhibited extensive terminal differentiation to
(F). Scale bar represents 100 Am.knockout compared to heterozygous TS cells. Thus, the
lack of Cx31 resulted in an enhanced differentiation process
of TS cells evidenced by a 2-day premature gene expression
of selected markers. However, Cx43 transcripts seemed to
be somewhat differently regulated because Cx43 could only
be detected in one single heterozygous cell line, but in all
three Cx31/ cell lines (Fig. 5C).
The changed differentiation process of knockout TS cells
could also be seen by a stronger formation of giant cells in
culture (Fig. 6). The decreasing expression of Cx26 and
Cx31.1 transcripts due to the loss of cell–cell contacts was
one consequence of this process.
Reduced proliferation of Cx31-deficient TS cell lines
An imbalance between proliferation and differentiation
of stem cells was assumed to cause the impaired develop-
ment of the Cx31 knockout placenta (Plum et al., 2001). We
analyzed the proliferation of Cx31+/ and Cx31/ TS cells
in undifferentiated and differentiating conditions (Fig. 7).
No significant difference in proliferation of both groups
could be seen in undifferentiating conditions. During dif-
ferentiation, Cx31+/ TS cells showed a period of prolifer-
ative activity, which correlated to Mash2 expression (Fig.
7A). In contrast, Cx31/ TS cells showed a strongly
reduced proliferation directly from the beginning of differ-
entiation. In conclusion, Cx31 is essential to maintain the
proliferative capacity of TS cells in differentiation along the
trophoblast lineage (Fig. 7B).
TS cells form hemorrhagic tumor in nude mice
In the placenta, a major role of trophoblast giant cells is
to invade into maternal tissues and to transform thes show TS cells at different days (d) after induction of differentiation. The
ation and giant cell formation (arrow in E) compared to the Cx31+/TS cell
giant cells (arrows) that was even stronger in the case of Cx31/ TS cells
Fig. 7. Reduced proliferation of differentiating Cx31/ TS cells.
Proliferation of Cx31+/and Cx31/TS cell lines was investigated in
undifferentiated (A) and differentiating (B) conditions by measuring total
cell numbers every second day as indicated. Mean and standard deviation
was calculated for each heterozygous and homozygous TS cell lines. Time
points where values differed significantly (*P V 0.05) are indicated.
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continuous blood flow into the labyrinth layer (Cross et al.,
2002). To analyze the invasive capacity of TS cells, we
injected undifferentiated wild-type TS cells subcutaneously
into male nude mice. TS cells formed small solid tumors
up to a size of 1 cm in diameter (Fig. 8A) when 107 TS
cells were injected. No tumor formation occurred if less TS
cells were injected. The tumor reached its maximum size
by day 7 after injection and was resorbed within the next 7
days (data not shown). The histological analysis showed
big blood-filled lacunas within the tumor (Fig. 8B). Cyto-
keratin 8 staining, a marker for mouse trophoblast, revealed
TS cells as the origin of the tumor cell mass (Figs. 8D and
F). TS cells differentiated to giant cells could be seen to
arrange around the maternal blood vessels and in the
lacunas (Figs. 8F and G). Thus, giant cells differentiated
from TS cell lines demonstrated an invasive capacity into
host vessels.When Cx31-deficient TS cells were injected into both
flanks of a nude mouse, both Cx31+/and Cx31/ TS cells
formed small, transient, and hemorrhagic tumors. Tumors
from Cx31+/ TS cells were up to 0.8 cm in diameter, but
Cx31/ TS cells formed slower growing tumors that were
smaller at all time points than the corresponding Cx31+/ TS
cell tumor (Fig. 9), but variation of tumor sizes was very
high. The histological analysis revealed an identical mor-
phology compared to wild-type TS cell tumors, except that
Cx31/ TS cell tumors showed enlarged hemorrhagic
lesions (Fig. 8B).Discussion
In recent years, molecular genetics of placental devel-
opment has been elucidated by targeted mutagenesis of
numerous mouse genes leading to developmental defects
and early death in utero (Rinkenberger et al., 1997).
Connexin genes, Cx26, Cx31, and Cx45, are among those
that lead to dysfunction or dysmorphogenesis of the pla-
centa (Gabriel et al., 1998; Kruger et al., 2000; Plum et al.,
2001). The Cx31/ phenotype is described as an impair-
ment in trophoblast cell lineage differentiation leading to an
enhanced differentiation of giant cells combined with a
strongly reduced spongiotrophoblast layer and a rudimen-
tary labyrinth (Plum et al., 2001). Our results show that TS
cells derived from Cx31-deficient blastocysts are a prom-
ising model to study molecular events related to the
function of the Cx31 channel during trophoblast cell
lineage development.
Except from Cx36, all connexin transcripts expressed in a
mouse blastocyst (Davies et al., 1996; Houghton et al.,
2002) are maintained in undifferentiated wild-type TS cells.
As in preimplantation mouse embryos (Davies et al., 1996;
Kidder and Winterhager, 2001; Houghton et al., 2002),
several of the connexins detected in RT-PCR are not
expressed at the protein level. Only Cx31 protein, which
characterizes the extraembryonic ectoderm, is maintained
during the undifferentiated state of TS cells. It should be
taken into consideration, however, that antibodies against
Cx31.1, Cx36, Cx47, and Cx57 were not tested in this
study.
Similar to Cx31, Cx31.1 is also strongly expressed in
preimplantation embryos and TS cells. Furthermore, pre-
liminary results of our group show that Cx31.1 is expressed
in the placenta at day 10.5 pc (data not shown). Therefore,
Cx31.1 channels might also be involved in gap junction
communication in the early trophoblast lineage. The spatial
and temporal pattern of this connexin protein in the placenta
remains to be clarified.
Connexins involved in placental development showed a
comparable regulation in TS cells upon differentiation. Like
in the placenta, upon withdrawal of FGF4, TS cells induce
the labyrinthine-specific Cx26. In addition, the syncytiotro-
phoblast marker gene Gcm1 (Basyuk et al., 1999) is also
Fig. 8. TS cells form hemorrhagic tumors in nude mice. Morphological analysis 7 days after subcutaneous injection of 107 wild-type TS cells (A, B, and D–G)
or 107 Cx31/ TS cells (B). (B, C, E, and G) Hematoxylin–eosin-stained Technovit sections; (D and F) cytokeratin 8 immunohistochemistry on paraffin
sections. (A) Solid tumor with surrounding hemorrhagic lesion. (B) Blood-filled lacunas within the tumor. (C) Tumors from Cx31/ TS cells showing bigger
lesions as the wild-type tumor. (D) Cytokeratin 8 staining reveals TS cells (arrows) as tumor mass. (E) Spongiotrophoblast-like arrangement of TS cells. (F) TS
cells (arrow) arranging around a blood vessel. (G) Giant cell (arrow) formation. L, lacuna; T, trophoblast cells; V, vessel. Scale bar represents: 1 cm in A; 350
Am in B; 700 Am in C; 150 Am in D and E; and 75 Am in F and G.
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genes give evidence for the capacity of TS cells to differ-
entiate in syncytiotrophoblast cells. Cx43 expression indi-Fig. 9. Reduced tumor growth of Cx31/ TS cells injected in nude
mice. Cx31+/ TS cells were injected in the left and Cx31/ TS cells in
the right flank of the same nude mouse. Tumor growth was observed for
7 days in four simultaneously injected mice. The tumor size ratios
(Cx31//Cx31+/) for each mouse were averaged and standard
deviation was calculated.cates the differentiation of giant cells in the mouse placenta.
In the undifferentiated state and at the beginning of differ-
entiation, Cx43 is only found in TS cells with a giant cell
morphology. It has been discussed by Tanaka et al. (1998)
as well as by Yan et al. (2001) that TS cells exhibit
spontaneous differentiation to giant cells at these states. It
remains to be clarified if these cells are also characterized by
Cx43 expression. Nonetheless, all TS cell clones do not
upregulate Cx43 in later stages of differentiation as it has
been shown during placental development from midgesta-
tion onwards (Plum et al., 2001).
Furthermore, Cx31+/ TS cell clones that represent the
more appropriate control do not show differences in
expression of connexins and trophoblast marker genes.
As expected in the undifferentiated state, Cx31/ TS cell
lines are very similar to both wild type and heterozygous
TS cell lines concerning the expression of the connexins
and the placental marker genes Tpbpa and Pl-1. However,
Mash2 expression was already weakly induced in undif-
ferentiated Cx31/ TS cells, which suggests that not all
the cells can be kept in an undifferentiated state even in
the presence of FGF4. In differentiating wild-type TS cells,
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et al. (2001) proposed that TS cells enter a proliferating
intermediate state in differentiation that is associated with
Mash2 expression. TS cells lacking Cx31 seem to enter
this intermediate state more readily, as indicated by the
early Mash2 expression. Similar to Mash2, the Cx31
channels are essential to maintain the diploid trophoblast
cell population during placental development. For Rcho-1
stem cells, it has been shown that Cx31 is expressed in the
proliferative undifferentiated state. Like in TS cells in
Rcho-1 cells, Cx31 expression is downregulated during
differentiation (Grummer et al., 1996). Because Cx31
knockout stem cells show a premature induction of Mash2
expression, a downstream position of Mash2 is more
likely. Interestingly, Mash2-deficient mice show striking
phenotypic similarities to Cx31-deficient mice, except that
Mash2 knockout placentae did not recover (Guillemot et
al., 1994). Furthermore, in Cx31 knockout TS cells, Cx26
and Tpbpa are upregulated earlier during differentiation
and both transcripts together show an accelerated down-
regulation like Cx31.1. This downregulation was followed
by an increase in giant cell formation in Cx31/ TS cells.
Thus, loss of Cx31.1 expression seems to precede giant
cell formation as has been shown for Cx31. This indicates
that Cx31.1, in addition to Cx31, is a highly sensitive
marker gene for trophoblast cell lineage differentiation.
Moreover, the similarity of the expression levels suggests
that these channels may share similar functions. Interest-
ingly, TS cell lines generated from SOCS3 knockout
mouse have also been shown to serve as a model for the
altered differentiation process in trophoblast cell lineages.
Like Cx31 knockout TS cells, SOCS3-deficient TS cells
revealed an enhanced differentiation to giant cells even in
the presence of FGF4 (Takahashi et al., 2003). Thus, the
cell lineage development of these knockout TS cells are
similar to our Cx31/ clones capable of representing the
phenotype of SOCS3-deficient placentas that have a re-
duced spongiotrophoblast and increased secondary giant
cells.
Normally, TS cells are continuously proliferating, and
proliferation is only reduced upon differentiation (Tanaka et
al., 1998; Yan et al., 2001). The comparison between the
proliferation properties between heterozygous and homozy-
gous Cx31-deficient TS cells revealed nearly no difference
in undifferentiated state. However, under differentiating
conditions, Cx31/ TS cells show a significant reduction
in cell number as compared to Cx31+/. The sudden and
drastic reduction in proliferation in Cx31/ TS upon
differentiation cannot exclusively be explained by an en-
hanced differentiation to spongiotrophoblast and giant cells.
Cell division is already reduced in Cx31/ TS cells before
differentiation along the lineage proceeds.
Wild type as well as Cx31 gene-deficient TS cells are
able to form tumors with a spongy-like appearance. These
tumors are transient as the TS cells run out of the
proliferative stem cell population probably due to the lackof FGF4. Reduction of tumor size could also be due to a
natural killer cell-dependent rejection as described by
Erlebacher et al. (2002) for TS cell tumors. Furthermore,
trophoblast stem cells and the differentiating spongiotro-
phoblast and giant cells have maintained their invasive
properties and are able to erode host vessels and establish
blood-filled spaces. In this aspect, they resemble the
malignant human trophoblast cell line Jeg3 that establish
similar tumors in nude mouse characterized by invading
giant cells that open up vessels, replacing endothelial cells
leading to blood-filled sinuses (Grummer et al., 1999).
Furthermore, ES cells when lacking the Parp1 gene
develop trophoblast giant cells that establish a similar
‘‘hemochorial’’ blood flow when injected into nude mice
(Nozaki et al., 1999). Distinct modes of trophoblast
invasion have been described by Adamson et al. (2002).
They found that a limited invasion into maternal spiral
arteries leads to trophoblast-lined channels that are called
peri- or endovascular invasion. Furthermore, Adamson et
al. (2002) postulate specialized subtypes of giant cells for
invading vessels. These cells express not only giant cell
markers such as proliferin, but also Pl-1, a marker for
trophoblast giant cells. Using TS cells of different knock-
outs in the nude mouse model provides the chance to gain
insight in the cell biological mechanisms and genes nec-
essary for vessel invasion as a model for hemochorial
placentation.
In conclusion, Cx31 knockout TS cells demonstrate a
clear tendency to undergo an enhanced differentiation to
giant cell populations shown by a panel of marker genes.
With this phenomenon, TS cells lacking communication via
the Cx31 channel represent the impairment in the tropho-
blast cell lineage differentiation in knockout animals. Most
interestingly, these TS cells still exhibit Cx31.1 and later on
Cx43 and Cx26 in addition. None of these channels seem to
compensate for the defect in trophoblast cell lineage pro-
gression. Therefore, although FGF4 is still acting via
FGFR2 in Cx31 knockout TS cells (unpublished data),
Cx31 channels seem to be required to maintain the prolif-
erative diploid trophoblast cells during differentiation.
These Cx31-deficient TS cells provide a model to test if
the response of TS cells to FGF4 is enhanced or coordinated
via Cx31 channels.Acknowledgments
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